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Moditying the surface of polycrystalline ZnO films using a monolayer of organic molecules with
carboxylic acid attachment groups increases the field-effect electron mobility and zero-bias
conductivity, resulting in improved transistors and transparent conductors. The improvement is
consistent with the passivation of defects via covalent bonding of the carboxylic acid and is
reversible by exposure to a UV-ozone lamp. The properties of the solvent used for the attachment
are crucial because solvents with high acid dissociation constants (Ka) for carboxylic acids lead to
high proton activities and etching of the nanometers-thick ZnO films, masking the electronic effect.
© 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4790155]

Among inorganic semiconductors for large-area photo-
voltaics and transparent electronics, ZnO is particularly
attractive because it is composed of non-toxic, low cost, earth
abundant elements, easily forms films and nanostructures by
room-temperature solution processing,' and has high transpar-
ency in the visible spectrum.” Production of ZnO thin films
with excellent electronic properties, however, often involves
either vacuum deposition techniques, such as rf magnetron
sputtering3 or high-temperature post-processing steps that are
incompatible with flexible substrates that degrade at high tem-
peratures. The fabrication of electronic materials nearer to
room temperature, on flexible substrates, and without vacuum
processing would be valuable in electronic applications.
Transparent conducting films based on semiconducting ZnO
layers grown and deposited from solutions can be an impor-
tant component of low-cost solar cells, transparent electrodes
for large-area lighting panels, and the transparent circuit ele-
ments that drive the pixels in emerging display technologies
such as organic light-emitting diode displays.

The electronic properties of ZnO layers created from
solution-deposited precursors are initially dominated by
defects and impurities.* As a result, the properties of these
layers are often subsequently enhanced via high-temperature
processing steps. Common strategies include annealing in
either hydrogen gas environments>® or in the presence of a
hydrogen-rich capping layer,” which increases the carrier con-
centration by introducing hydrogen into the ZnO and creates
shallow donor states.® Removing oxygen-vacancy donor states
by annealing in an oxygen-rich environment has the opposite
effect, reducing the carrier concentration.” These high-
temperature processing steps, typically at 350-600 °C, are not
compatible with flexible polymer substrates, such as polyeth-
ylene terephthalate (PET) and polyethylene naphthalate
(PEN), which are mechanically and chemically unstable
above 200°C.'"'!" Therefore, strategies for enhancing the
field-effect electron mobility and conductivity of ZnO films at
low temperatures with solution-based methods are desirable.
Here, we show that chemical functionalization of the surface
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of a thin ZnO film can have a dramatic effect on its electronic
properties. Chemical modification of semiconductor interfaces
has already had an important role in extending the scope of
application of other semiconductors. Passivating the dangling
bonds at Si/SiO, interfaces with deuterium instead of hydro-
gen, for example, extends the lifetime of metal-oxide-silicon
devices by reducing the generation of defects by hot elec-
trons.'” Similarly, surface treatments of ZnO films could
become an integral part of producing ZnO-based devices.

The electronic and physical properties of interfaces
between ZnO and other materials can be changed by modify-
ing the surface of ZnO with covalently bonded organic mono-
layers.'*'* Molecules attached to the surface of ZnO are used
to change the wetting properties of liquids and to improve the
ordering of subsequently deposited layers of polymers and
small molecules.'*'* Surfaces of ZnO nanowires functional-
ized with stearic acid (CH3(CH,),;sCOOH) exhibit superhy-
drophobicity and are more stable in aqueous environments
than bare ZnO nanowires.'>™"” Modifying the surface of ZnO
with organic monolayers can also result in changes in elec-
tronic properties. The effects of surface layers on charge
transfer from organic semiconductors to ZnO depend on the
electronic structure of the monolayer. The wide energy gap
between the highest occupied molecular orbital and lowest
unoccupied molecular orbital of stearic acid impedes the
transport of carriers.'® The increased ordering of poly
3-hexylthiophene (P3HT) films on alkane-functionalized
ZnO results in an improvement in the efficiency of P3HT/
ZnO solar cells, enough to offset the detrimental effects due
to the creation of the intermediate insulating alkane layer.'?
In these examples, the direction of current transport is normal
to the plane of the ZnO surface. We expect that molecules
grafted to the surface of ZnO will also change the electronic
properties of the near-surface region of ZnO, and thus modify
electronic transport within ZnO.

Here, we show that the attachment of molecules linked
by carboxylic acid groups to the surface of a ZnO thin film
increases the field-effect mobility of electrons. We demon-
strate this effect in solution-deposited polycrystalline ZnO
films, which form the channel of field-effect transistors

© 2013 American Institute of Physics
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e FIG. 1. Solution-deposited ZnO FET (a)
. as-deposited and (b) after the attachment
of the stearic acid layer. The chemical
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(FETs). We compare FETs fabricated from the as-deposited
ZnO film, shown in Figure 1(a), to FETs in which the ZnO is
subsequently functionalized using stearic acid, Figure 1(b).
An increase in electron mobility leads to an increase in the
conductivity of the thin polycrystalline ZnO films. The effect
persists at zero gate bias in FETs and thus would also be
present in ungated ZnO layers.

ZnO films were deposited by spin coating a precursor
solution onto substrates consisting of 300 nm SiO, on highly
doped silicon, which served as the gate dielectric and bottom
gate, respectively. The precursor solution consisted of 0.3 M
zinc acetate dihydrate in absolute ethanol with 0.3 M of ace-
tylacetone added as a stabilizer. The precursor solution was
stirred overnight at room temperature and filtered through a
0.2 um polytetrafluoroethylene filter prior to spin coating.
The substrates were pre-cleaned in a 3:1 mixture of sulfuric
acid and hydrogen peroxide for 5 min, which was heated to
approximately 80°C by the exothermic reaction that occurs
upon mixing the solution. The substrates were then sonicated
for 5 min each in acetone, isopropyl alcohol, and water. The
ZnO precursor was deposited onto the SiO, by spin coating
at 5000 revolutions per min for 30s followed by heating to
75 °C for 10 min to evaporate residual solvent. The coating
process was then repeated. The films were annealed in air in
a quartz tube furnace at 450°C for 75 min. Surface treat-
ments similar to the one we describe below would apply to
ZnO grown by methods involving even lower temperatures,
such as chemical bath deposition”® and decomposition of
low-temperature inorganic inks, which have been shown to
crystallize at temperatures as low as 150°C.*" Source and
drain top contacts were formed by depositing Al films with a
thickness of 100 nm by electron-beam evaporation through a
shadow mask with channel lengths and width of 100 yum and

30 40 50
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1000 um, respectively. The ZnO exhibits a crystallographic
texture in which the c-axis is along the surface normal of the
substrate. X-ray diffraction 6—26 scans over an angular range
in which the ZnO 100, 002, 101, and 102 reflections would
occur exhibit only the 002 reflection. A similar crystallo-
graphic texture is observed in other solution-deposited ZnO
films on smooth SiO, surfaces.?>

A self-assembled monolayer of stearic acid was added to
the ZnO surface by immersing the ZnO FETs in a 1 mM solu-
tion of stearic acid in tetrahydrofuran (THF) at room tempera-
ture for 2h. The use of THF is critical because the acid
dissociation constant (Ka) is smaller (pKa larger) for carbox-
ylic acids in THF than in other common solvents. Higher pKa
corresponds to less acidic solutions, which etch the ZnO sur-
face more slowly. Values of pKa for acetic acid, a simple
molecule with a carboxylic acid group, in common solvents
used for functionalizing ZnO are collected from the literature
and summarized in Table 1.7*72° The values of pKa for acetic
acid provide insight into what can be expected with more
complex carboxylic acids, for which the dissociation con-
stants are not yet available. Table I also illustrates the
expected correlation of pKa with the relative dielectric con-
stant ¢, of the solvent and gives H' ion concentrations for
experimentally relevant functionalization solutions. The
expected concentration of dissociated hydrogen ions is more
than 5 orders of magnitude lower in THF than in ethanol, di-
methyl sulfoxide (DMSO), or dimethylformamide (DMF).
The pKa is sufficiently high in THF that ZnO films with nano-
meter thicknesses can be immersed in THF/carboxylic acid
solutions for as long as three days with no etching of the ZnO
surface apparent in optical microscopy. The same concentra-
tion of carboxylic acid in ethanol, DMSO, or DMF com-
pletely dissolves the ZnO in the same time. A similar strategy
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TABLE I. pKa, molecular dipole moment, dielectric constant &, and hydro-
gen ion concentration under common carboxylic acid attachment conditions
for acetic acid solutions in solvents used for ZnO surface functionalization.
The pKa and dielectric constants are from Ref. 23 for acetonitrile and THF,
and from Ref. 25 for other solvents. The pKa are taken from Ref. 26 for
DMSO and DMF and from Ref. 24 for other solvents. The dipole moments
are from Ref. 24.

pKa [H"] for I mM Dipole
Solvent (acetic acid) acetic acid (M) moment (D) &
H,O 4.76 1x1074 1.85 80
Methanol 9.7 4x1077 1.70 33
Ethanol 10.3 2x 1077 1.69 24
DMSO 12.6 2x1078 3.96 49
DMF 13.5 6x107° 3.86 37
Acetonitrile 223 2x 10718 3.92 36
THF 24 3x107™ 1.75 7.6

is required to create carboxylic-acid linked layers of other
molecules.'®*” Atomic force microscopy (AFM) images of
the surface of the ZnO layer before the functionalization with
stearic acid reveal that the ZnO films consist of 25-75nm
diameter crystals. Line profiles extracted from the images
indicate that the height of the surface varies over a range of
less than 10nm both before and after addition of the stearic
acid layer. There is no apparent change in the number density
or diameter of the nanocrystals after functionalization.

Figure 1(c) shows the drain current as a function of gate
voltage for a ZnO FET before (solid curve) and after (dashed
curve) the creation of the stearic acid layer. The saturation
field-effect electron mobility increases from 0.01 em? Vs
in the as-deposited FET to 0.13 cm® V™' s™! after attachment
of stearic acid to the surface. Figures 1(d) and 1(e) show the
output characteristics in which the drain current is measured
as a function of drain voltage V, at a series of different gate
voltages, for a representative transistor before and after func-
tionalization with stearic acid. In addition to the increased
source-drain current after stearic acid functionalization, Figure
1(e) also exhibits a small non-zero current at V,=0, arising
from gate leakage at high gate voltages. Electrical measure-
ments were made in the dark in order to eliminate possible
contributions to the source-drain current due to photocurrent
or a light-induced threshold voltage shift.*” Because of differ-
ences in film thickness and thermal post-treatment, the field-
effect mobility reported here is not among the highest found
in the literature for solution processed ZnO, in which mobili-
ties as high as 6 cm”® V™' s~ ! have been reported.’® However,
the relative increase in the field-effect mobility that can be
attributed to the stearic acid treatment is significant and could
place ultra-thin and lower-temperature processed ZnO films
into a technologically relevant regime.

The zero gate bias conductivity was extracted from meas-
urements of the conductance using the slope of the /,; versus
V, plots in Figures 1(d) and 1(e). The slopes were measured
in the linear region of transistor operation, with V, less than
10 V. The conductivity is calculated from the conductance
assuming that the electrons responsible for conduction are uni-
formly distributed throughout the 25 nm thick ZnO film. The
corresponding effective resistivity of the channel decreases by
an order of magnitude from an initial value of 4.5 x 10* Q cm
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to 4.2 x 10% Q cm after functionalization with the stearic acid
monolayer. Undoped ZnO layers with thicknesses less than
50nm typically have very high resistivities of more than 10
Q cm. Introducing the stearic acid layer yields undoped ZnO
films with resistivities comparable to what can be achieved by
doping or by annealing in hydrogen.*!*?

Mechanisms that could potentially contribute to the
increased field-effect electron mobility include (1) etching of
the ZnO surface, eliminating defects, (2) passivation of
defect scattering sites by covalent bonding of the carboxylic
acid groups to defects, resulting in direct chemical passiva-
tion or a beneficial local electric field, and (3) the incorpora-
tion of the hydrogen released from the carboxylic acid group
into the ZnO film, accompanied by a reductive process,
where H could act as a dopant. To investigate the possibility
that the increased mobility results from etching that elimi-
nates surface defects, a control experiment was performed in
which ZnO FETs were subjected to treatments in a dilute
inorganic acid to etch the surface. A ZnO FET was immersed
in increasingly acidic HCI solutions for 10 min, rinsed with
clean THF, and dried with a nitrogen gun. Hydrochloric acid
was selected for the control experiments because unlike ste-
aric acid, the Cl™ anion in HCI does not covalently bond to
the ZnO surface in the same manner as a carboxylic acid
group. The drain current was measured as a function of gate
voltage between each immersion step in the etching experi-
ment. As shown in Figure 2, mild etching of ZnO film with
the dilute HCI solutions consistently decreases the conduc-
tivity of the films. This etching experiment exhibits the op-
posite effect as is found in the case of carboxylic acid
surface functionalization, and we thus eliminate the possibil-
ity that etching contributes to the improvement of the field-
effect mobility.

If the electronic effect on the ZnO is due to the carbox-
ylic acid binding chemistry, rather than physical changes to
the ZnO structure by etching or incorporation of hydrogen

14 —

—e—Zn0 as-deposited

—e— pure THF (2 Hr)

—+—10"° M HCI (10 min)
— —10*M HCI (10 min)

12

—~ 10 | ——10®MHCI (10 min) .
<
2
-— 8 -
c
o
5 6
(@]
g 4l
=)
2 L
0

-60 -40 -20 0 20 40 60
Gate Voltage (V)

FIG. 2. Drain current as a function of gate voltage for a ZnO FET after etch-
ing in dilute solutions of HCI in THF. The as-deposited ZnO device (dia-
monds) has the highest current. The source-drain current decreases after
immersion in pure THF for 2h (circles) and continues to decrease after
10 min immersion in solutions of HCI in THF with concentrations of 10~°
M (triangles) and 10~ M (dashed line). The channel is completely removed
after 10 min. in a solution of 107> M HCl in THF (solid line).
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atoms into the ZnO lattice, it should be reversible by remov-
ing the organic molecules from the surface. To investigate
the potential reversibility of the observed electronic effect,
the FET structures were placed within 5mm of an ozone-
producing ultraviolet lamp after the stearic acid surface treat-
ment. The combination of UV photons and ozone breaks
C-C bonds in organic molecules and converts the molecular
fragments to volatile species that leave the surface, compris-
ing an effective room-temperature, dry cleaning method for
removing organic surface molecules.*?

The transfer characteristics of a ZnO FET device (Figure
3(a)) and the drain current as a function of drain voltage at
V=0 (Figure 3(b)) were measured after sequentially alter-
nating treatments of a single ZnO FET sample between a
UV-ozone lamp and the stearic acid treatment. After each
round of stearic acid treatment, the samples were found to be
hydrophobic, and after UV-ozone treatment, the samples
became hydrophilic, as observed by placing a drop of deion-
ized water on the ZnO film surface. Figure 3(a) shows the
initial transfer characteristics of a ZnO FET sample, which
had been stored in ambient conditions for several weeks (1),
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FIG. 3. (a) Transfer curves of a single ZnO FET device measured after alter-
nating surface treatments of stearic acid and UV-ozone showing the reversibil-
ity of the carboxylic acid electronic effect. The numbered boxes indicate the
sequence of the surface treatments. (b) The zero gate bias drain current as a
function of drain voltage after alternating treatments with stearic acid (solid
curves, left axis) and UV-ozone exposure (dashed curves, right axis). The
scale for the left y-axis (1A) is a factor of 10° larger than the right axis (nA).
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then exposed to a UV-ozone lamp for 5 min and re-measured
within 5 min of the end of exposure (2). The FET was then
functionalized following the previously described procedure
in a 1 mmol stearic acid solution (3), and again exposed to
the UV-ozone lamp for Smin (4). The stearic acid and UV
ozone treatments were then repeated once more each (5) and
(6). The drain current at all gate voltages is several orders of
magnitude higher for the ZnO FET when the stearic acid
layer is present, compared to the device after it is exposed to
UV-ozone.

Figure 3(b) shows the drain current as a function of
drain voltage at zero gate voltage for the sample after stearic
acid treatments (solid curves, left y-axis), and after 5 min
UV-ozone exposures (dashed curves, right y-axis). The resis-
tivity of the ZnO functionalized with stearic acid, 43 Q cm,
is increased by a factor of 2000 to 8.3 X 10* Q cm by re-
moval of the surface layer with the UV-ozone treatment. We
note that the resistivity of the ZnO devices with stearic acid
is lowest if the film is first pre-treated with UV-ozone. This
is presumably due to an increase in potential sites for carbox-
ylic acid attachment that become available after the
UV-ozone cleaning treatment.

The interaction between UV-ozone and the ZnO film is
itself a complex process and includes several competing
effects such as the creation of additional oxygen interstitials
or the removal of oxygen vacancies, both of which can
reduce the ZnO conductivity with increasing UV-ozone
dose, separate from the effects of removing the organic mol-
ecules from the surface.** However, we can conclude that
the attachment of the organic layer is the dominant effect in
restoring the high conductivity state, because the stearic acid
solution treatment is not expected to significantly alter the
concentrations of either oxygen vacancies or oxygen intersti-
tials in the film.

The improved conductivity induced by stearic acid will
be particularly important in devices requiring thin oxide
semiconductor layers, for example, in flexible electronic
devices. In addition, transport in the oxide phase of compos-
ite structures such as dye-sensitized solar cells (DSSCs) can
be potentially improved by appropriate functionalization of
the oxide surface. The dyes already used in DSSCs rely on
carboxylic acid attachment chemistry to anchor dye mole-
cules.®® Our results show that the carboxylic acid group may
have a constructive effect in its own right, besides acting as
an anchor for the dyes. More broadly, the identification of
lower-pKa media for carboxylic attachment to oxides broad-
ens the scope of monolayer attachment chemistries available
to acid-etchable oxide substrates.

This work was supported by the University of Wisconsin
Materials Research Science and Engineering Center, NSF
Grant No. DMR-1121288.
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